Permeation rates of hydrogen, helium, methane, nitrogen, carbon monoxide, oxygen, argon, carbon dioxide and propane through asymmetric cellulose acetate membranes were measured in the temperature range from 273 to 373 K. Membranesconstants of the transport model equation consisting of solution-diffusion flow through the polymer matrix and Knudsenflow through the micropores were determined by permeabilities of zero pressure limit of helium and nitrogen. The permeabilities of other gases can be predicted well by the model equation with these constants. The variety of data whichdepends on the membranestructures and the measuring temperatures has been explained reasonably by the transport model.
Introduction
Asymmetric cellulose acetate (CA) membranes, originally developed for reverse-osmosis desalination, exhibit high permselectivity for some gases. These membranes have surface skin layers on the porous substrate through which the gases permeate without resistance.
Permeabilities of these membranes to various gases were studied previously by several investigators,1'3'6'9'11'1^and can be classified roughly into three groups as follows.
(1) The order of permeabilities of the asymmetric membrane is similar to that of the symmetric dense membrane.
(2) The permeabilities are inversely proportional to the square root of the molecular weight of gases.
(3) The permeabilities cannot be classified into either (1) or (2) , and their order is apparently irregular.
By some preparation techniques, the surface skin layer can be formed into either continuous or microporous structure with pore diameter of about 10 nm. 6'7'13) The permeation mechanisms applicable to the limiting cases are solution-diffusion flow and Knudsen flow. However, the behavior of group (3) is explained by various transport models.
Sourirajan and co-workers1'9) explained their results by a combination of pore flow (i.e. Knudsen, slip and viscous flow) and surface flow of adsorbed layer of gases on the surface and pore wall of the membrane. Stern in their work were dominated mainly by solutiondiffusion flow, and that the marked differences observed in permeabilities of asymmetric and symmetric CAmembranes were due to differences in the polymerstructure of the two types of membranes. Kakuta AsymmetricCAmembraneswere prepared by casting 25wt% CA (Eastman Chemical Co., Ltd., E398-3), 45wt% acetone and 30wt% formamide solution on a flat glass plate at room temperature. The evaporation times of acetone were varied from 5 to 45s to form surface skin layers which were expected to have different properties for gas permeation. Cast solution on the glass plate was immersed in cold water (278 K) and the solvents were exchanged with water. The gelled membraneswere heated in water at 353 K for lOmin, followed by drying by two different methods. One was freeze drying; membranes were immersedin isopentane precooled at dry ice temperature followed by overnight vacuum-drying at the same temperature, and subsequently vacuum-dried at 263K for 1 day at least. The other was a solventexchange technique; membranes were immersed in isopropanol to extract water and vacuum-dried at room temperature for 1 day at least. Some dried asymmetric CAmembraneswith total thickness of 70fim were prepared by the above procedures.
Permeability measurements
The effective area of the permeation cell was 13.2cm2 and the cell was set in an air bath which controlled its temperature within +0.2K. Steadystate permeation rates at different operating pressures (p1 =0A5 to 0.6MPa, p2=0A0MPa) were measured with a soap-film flow meter in a temperature range from 273 to 373K. Separation factors for H2-CO mixtures were measured with the high selective membrane. All gases were supplied by Nihon Sanso with a purity of more than 99.9%.
Results and Discussion

Effects of acetone evaporation time and drying
method on gas permeability The effects of acetone evaporation time and the two drying methods on gas permeation properties are summarized in Table 1 . The largest permeability was observed in membrane CA-4, whose evaporation time for acetone was 45sec. The highest selectivity was obtained in membraneCA-la, which had an evaporation time for acetone of 5s and was dried by the solvent-exchange method.
Membraneswere dried after cutting them into cell size. Membranes prepared by the solvent-exchange technique shrank substantially, so that the membranes, except that for which evaporation time was 5s, could not be set in the permeation cell. It seems that the drying method after solvent exchange with isopropanol loses largely, though not completely, the porous structure of the asymmetricCAmembrane. The permeabilities of gases through membranes CAla and CA-3 were measured in detail. Permeation rates were measured at 321 K. PR in [m3(STP)-s~1 -m~2 -Pa"1]: IPA, solvent exchange with isopropanol; FD, freeze drying. Moredetailed experiments are needed to understand this phenomenon completely. In the following section, we discuss a permeation model describing per-meabilities of zero pressure limit.
Pressure dependence on gas permeability
Temperature dependence on gas permeability
The permeabilities of membranes' CA-la and CA-3 were measured in a temperature range from 273 to 373 K. The reproducibilities of data and structural change of membranewere checked by occasional measurements of permeations of He and N2.
Assuming that the permeation rate is controlled by surface skin layer and can be expressed by the sum of Knudsen flow through the micropore and solutiondiffusion flow through the polymer matrix, the model equation is given for the permeation rate of zero pressure limit, PR0, as follows.
where K is given as2)
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The values of K and / are membrane constants. In this work, these constants were determined by regression with permeation data of He and N2, and were used to predict permeabilities of other gases. In this calculation, values of P were estimated from the relations shown in Table 2 , which were measured previously with CA symmetric dense membrane by the "time-lag" method under small pressure difference.^And then, 1-£ was assumed as 1 because the porosity of the surface skin layer was expected to be quite small. 1) Membrane CA-la First of all, membrane CAla was annealed in the permeation cell at 373 K for 1 day. The rates of permeation ofH2, He, CH4, N2, CO, O2and Ar were measured in no particular order. Afterward, the rates of permeation of CO2and C3H8 were measured. The values of PR0for membraneCAla are shown in Fig. 3 in the form of Arrhenius-type plots. The permeation properties of this membrane belong to group (1) mentioned in the introduction. The dependence of temperature on the permeabilities is markedly different from that of the dense membrane, which was a linear relationship with negative slope.4) The determined K and / values are shown in Table 3 and calculated values of Eq. (1) for all gases are shown in Fig. 3 Figure 4 shows PR0 of He and N2 as measured in state 1 to state 4. The values ofKand / determined by regression with data of He and N2 in every state are summarized in Table 3 . Figure 5 shows PR0 of other gases as measured in states 3 and 4. The permeating properties of this membrane belong to group (3) . It is noted that permeabilities are substantially changed by annealing and the permeations of CO2 and C3H8.
Nevertheless, the calculated results of Eq. (1) are in good agreement with the experimental data in every state.
There must be differences in the degree of contribution of each component flow to the total permeation concerned with different gases. Figure 6 shows the deviations of data from Knudsen flow in membraneCA-3 at state 3. The departure from the Figure 6 shows that the detection of surface flow, judging from the deviation in the relation between the permeabilities and 1/^/M, is not necessarily suitable for porous polymer membranes.
Discussion of membranestructure
The values of Kand / obtained for membranes CAla and CA-3 represent the difference of membrane structure. The effective porosity, srh/q2, can be calculated by substituting 0,8 to the term of d/k1 in K.2) As can be seen from Table 3 , large differences in permeabilities of the two membranesare due to the great differences in effective porosities.
Furthermore, it is seen that the change of permeabilities from state 1 to state 4 in membraneCA-3 is evidently due to the decrease of effective porosity. It 434 Fig. 4 . Temperature dependency on PR0 of He and N2 with membrane CA-3 in every state. is suggested that annealing and permeations of CO2
or C3H8 may bring about the decrease of effective porosity of membrane. It is known that high-boling point gases swell the polymer,12) so that the pore volume in the surface skin layer may be reduced. On the other hand, the determined / was independent of the membrane's history. This means that the change in permeabilities through the polymer matrix which depends on history is much smaller than the change of pore structure. (designated by arrows in Fig. 3 ), so that Kand / could not be determined to agree with the data satisfactorily. 
The mean hydraulic radius of micropores, rh9 is given
avnM (4) As shown in Fig. 6 where y =PilPi (7) The results are shown in Fig. 7 . It can be seen that the calculated values agree well with the experimental data. The permeation model expressed by the combination flow is applicable to the permeations of H2-CO mixtures in this case.
Conclusion
Permeabilities of zero pressure limit through asymmetric cellulose acetate membranes to gases were measured in a temperature range from 273 to 373K. 
